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Evidence against GABA Release from Glutamatergic Mossy
Fiber Terminals in the Developing Hippocampus
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Hippocampal mossy fibers of young rodents have been reported to corelease inhibitory neurotransmitter GABA in addition to excitatory
transmitter glutamate. In this study, we aimed at re-evaluating this corelease hypothesis of both inhibitory and excitatory transmitters in
the hippocampus. Electrophysiological examination revealed that, in juvenile mice and rats of the two to 3 weeks old, stimulation at the
granule cell layer of the dentate gyrus elicited monosynaptic GABAergic IPSCs in CA3 neurons in the presence of ionotropic glutamate
receptor (iGluR) blockers, only when rather strong stimuli were given. The group II mGluR agonist (2S,1�R,2�R,3�R)-2-(2,3-
dicarboxycyclo-propyl)glycine (DCG-IV), which selectively suppresses transmission at the mossy fiber–CA3 synapse, abolished almost
all postsynaptic responses elicited by the weak stimuli, whereas those by strong stimuli were inhibited only slightly. In addition, the
minimal stimulation elicited GABAergic IPSCs in neonatal mice of the first postnatal week, whereas these responses are not sensitive to
DCG-IV. Immunohistochemical examination revealed that mossy fiber terminals expressed GABA and the GABA-synthesizing enzyme
GAD67, although the expression levels were much weaker than those in the inhibitory interneurons. Notably, the expression levels of the
vesicular GABA transporter were much lower than those of GABA and GAD67, and almost below detection threshold. These results
suggest that mossy fiber synapses are purely glutamatergic and apparent monosynaptic IPSCs so far reported are evoked by costimula-
tion of inhibitory interneurons, at least in young mice and rats. Hippocampal mossy fiber terminals synthesize and store GABA, but have
limited ability in vesicular release for GABA in the developing rodents.
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Introduction
A single subset of synapses usually releases a single class of fast

neurotransmitter. This “single transmitter rule” was challenged
by the findings that synapses in the spinal cord (Jonas et al., 1998)
and brainstem (Nabekura et al., 2004) corelease GABA and gly-
cine, both inhibitory neurotransmitters, at a certain stage of de-
velopment. In the hippocampus, an intriguing hypothesis has
been proposed that GABA, in addition to glutamate, is released
from the mossy fiber terminals in the CA3 region of guinea pigs
(Walker et al., 2001) and rats (Gutièrrez, 2000, 2002; Gutièrrez
and Heinemann 2001; Gutièrrez et al., 2003) (for review, see
Gutièrrez, 2005). This corelease hypothesis is of particular inter-
est in several aspects. First, GABA releasing properties are tightly
regulated by developmental time courses. In the rat hippocam-
pus, it has been reported that GABAergic phenotypes of the den-
tate gyrus granule cells are observed until postnatal day 22 (P22)–
P24, and disappear suddenly thereafter (Gutièrrez et al., 2003).
Second, GABAergic phenotypes at the mossy fiber synapses reap-
pear after seizure in adult rats (Gutièrrez, 2000, 2002; Gutièrrez

and Heinemann 2001; Gutièrrez et al., 2003). In other words,
GABA releasing properties from mossy fiber terminals are
switched off according to development and switched on by in-
duction of a hyperexcitable state. Switching of neurotransmitter
modality is a novel mechanism of synaptic plasticity, and there-
fore intensive attention has been paid to the mechanisms under-
lying developmental and activity-dependent switch of GABA-
releasing machinery at this synapse. In addition, corelease of
GABA and glutamate at developing mossy fiber synapses is nota-
ble not only for neurobiological peculiarity, but also for seeking
the mechanism of developmental refinement of the neural net-
work, because GABA is involved in the development of the mossy
fiber network (Represa and Ben-Ari, 2005), and functional
GABAA (Ruiz et al., 2003; Alle and Geiger, 2007) and GABAB

receptors (Vogt and Nicoll, 1999) are expressed on the presynap-
tic terminals.

In this study, we focused on assessing the exact cellular
mechanism underlying corelease of GABA and glutamate at the
hippocampal mossy fiber synapses. For this purpose, detailed
experimental conditions to evoke monosynaptic IPSCs were
re-examined closely using whole-cell recordings in mouse hip-
pocampal slices while paying much attention to selectively stim-
ulate solely the mossy fiber pathway, because it was noticed that
rather strong stimulus or inadequate positioning of the stimulat-
ing electrode readily recruit additional interneurons and/or their
axons in the hilus. Moreover, to obtain detailed information on
the molecular machinery critical for GABA synthesis and
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vesicular release, we also performed histochemical analyses for
the expression and distribution of GAD, GABA, and vesicular
�-aminobutylic acid transporter (VGAT) in the mossy fiber ter-
minals. Against the hypothesis, the present study provides exper-
imental evidence that mossy fibers are purely glutamatergic, not
only in the adult brain, but also during the development stage.

Materials and Methods
Animals and slice preparations. C57BL/6J mice and Wistar rats were used
in the present study, and treated according to the guidelines for the care
and use of laboratory animals of Hokkaido University School of Medi-
cine. Transverse hippocampal slices of 400 �m thick were prepared from
4- to 20-d-old mice and rats as described previously (Kamiya et al., 2002).
In this study, we denoted mice of age P14 –P20 as “juvenile” mice, and
those of age P4 –P6 as “neonatal” mice. Animals were anesthetized with
ether and the brains were dissected out in an ice-cold sucrose solution
containing (in mM) 40 NaCl, 25 NaHCO3, 10 glucose, 150 sucrose, 4 KCl,
1.25 NaH2PO4, 0.5 CaCl2, and 7 MgCl2 (Geiger et al., 2002). Transverse
slices were cut using a DTK-1000 microslicer (Dosaka-EM, Kyoto, Ja-
pan) and incubated for approximately 1 h in the above solution. Then,
sucrose-containing solution was replaced with the physiological saline
containing (in mM) 127 NaCl, 1.5 KCl, 1.2 KH2PO4, 26 NaHCO3, 10
glucose, 2.4 CaCl2, and 1.3 MgCl2, and they were kept in an interface-
type chamber saturated with 95% O2 and 5% CO2.

Whole-cell recordings. Neurons in the pyramidal cell layer of CA3b

region were visually identified using an upright microscope equipped
with 40� objective and differential interference contrast optics (BX-50
WI; Olympus, Tokyo, Japan). Whole-cell patch-clamp recordings were
performed using an Axopatch 1D amplifier (Molecular Devices, Sunny-
vale, CA) in voltage-clamp mode, usually at �80 mV. Patch pipettes of
4 – 8 M� were pulled from borosilicate glass (Harvard Apparatus, Eden-
bridge, UK) and filled with an internal solution containing (in mM) 135
CsCl, 8 NaCl, 10 HEPES, 2 EGTA, 0.2 MgCl2, 5 lidocaine N-ethyl bro-
mide quaternary salt (QX314), 2 MgATP, and 0.3 GTP, pH 7.2. Series
resistance was monitored throughout the experiment, and the data were
not included if the resistance changed �10% of the initial value. Electri-
cal stimuli of 100 �s duration were delivered through a concentric bipo-
lar stimulating electrode at the granular cell layer of dentate gyrus or at
the stratum lucidum of CA3 region using an ISO-Flex isolation unit
(AMPI, Jerusalem, Israel). Synaptic responses were usually evoked every
10 s. In experiments shown in Figures 1, 3, 4, and supplemental Figures 1,
3, 4, and 5 (available at www.jneurosci.org as supplemental material),
stimuli with two kinds of intensity (weak and strong) were applied alter-
nately through the same stimulating electrode every 10 s. We denoted
this stimulating protocol as “two-intensity protocol” in this study, which
allowed concurrent monitoring of the effect of stimulus intensity in the
same slice preparations and in the same recording conditions. Intensity
of strong stimulus was set to evoke PSCs of several nanoamperes at �80
mV, which is comparable with that used for evoking “monosynaptic”
IPSCs in a previous study (Walker et al., 2001). Intensity of the weak
stimulus was set to evoke PSCs in the range of hundreds of picoamperes.
In the experiments in Figure 5, minimal stimulation was applied to evoke
unitary responses of putative “single” mossy fiber stimulation (Safiulina
et al., 2006). For this purpose, stimulus intensity was adjusted just above
the threshold intensity to evoke detectable responses. In another set of
experiments shown in supplemental Figures 8 and 9 (available at www.
jneurosci.org as supplemental material), L-glutamate (100 mM, pH was
adjusted to 8.0) was applied through patch pipette by giving short pulses
of pressure (0.3– 0.4 bar, 5–10 ms duration) using PV830 pneumatic
Picopump (WPI, Sarasota, FL). The pipette was positioned to the molec-
ular cell layer of dentate gyrus with the aid of visualization under micro-
scope. Signals were filtered at 1 kHz, and were digitized at 10 kHz with a
DIGIDATA 1322A interface with 16-bit resolution (Molecular Devices).
The Data were fed into a personal computer and analyzed off-line using
pClamp 9.0 software (Molecular Devices). All values are expressed as
mean � SEM. Statistical analysis was performed using Student’s t test,
and p � 0.05 was accepted for statistical significance.

Chemicals. Drugs used in the electrophysiological experiments were

as follows: 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 2,3-dioxo-
6-nitro-1,2,3,4-tetrahydrobenzo quinoxaline-7-sulfonamide (NBQX),
D-(�)-2-amino-5-phosphonopentanoic acid (D-AP-5), and (2S,1�R,2�
R,3�R)-2-(2,3-dicarboxycyclo-propyl)glycine (DCG-IV) from Tocris
Cookson (Bristol, UK). QX314 was purchased from Sigma (St. Louis,
MO).

In situ hybridization. Antisense oligonucleotide probes were synthe-
sized; probe sequences are 5�-gtaggcccagcacgaacatgccctgaatggcatttg-
tcacgttcc-3� and 5�-accctcaaggtcaagtttccaagcctgcgaactttccctcgagtga-3�
for VGAT (409 – 453 and 1572–1617 nucleotide residues, GenBank
accession number NM009508), 5�-tcccgcgttcgaggaggttgcaggcgaaggagt-
ggaagatgccat-3� for GAD67 (234 –288, GenBank accession number
NM008077), and 5�-atcttcagatccgaaggaccaaaagccggagccaggagacgccat-3�
for GAD65 (353–397, GenBank accession number NM008078). They
were radiolabeled with [ 33P]dATP using terminal deoxyribonucleotidyl
transferase (Invitrogen, Carlsbad, CA).

Under deep pentobarbital anesthesia (100 mg/kg of body weight, i.p.),
brains were freshly removed from the skull and frozen in powdered dry
ice for in situ hybridization. Frozen sections were prepared on a cryostat
(20 �m in thickness; CM1900; Leica, Nussloch, Germany) and mounted
on silane-coated glass slides (Muto-Glass, Tokyo, Japan). Fresh frozen
sections were treated at room temperature with the following incuba-
tions: fixation with 4% paraformaldehyde in phosphate buffer (PB) for
10 min, 2 mg/ml glycine-PBS, pH 7.2, for 10 min, and acetylation with
0.25% acetic anhydride in 0.1 M triethanolamine-HCl, pH 8.0, for 10
min. Sections were prehybridization for 1 h in a buffer containing 50%
formamide, 50 mM Tris-HCl, pH 7.5, 0.02% Ficoll, 0.02% polyvinylpyr-
rolidone, 0.02% bovine serum albumin, 0.6 M NaCl, 0.25% SDS, 200
�g/ml tRNA, and 1 mM EDTA. Hybridization was performed at 42°C for
12 h in the prehybridization buffer supplemented with 10,000 cpm/�l of
[ 33P]dATP-labeled probes and 10% dextran sulfate. Slides were washed
twice at 55°C for 40 min in 0.1 � SSC containing 0.1% sarcosyl. Sections
were exposed to BioMax film (Kodak, Rochester, NY) and to nuclear
track emulsion.

Antibody. We used primary antibodies raised against the following
molecules (species immunized): mouse calbindin (rabbit and goat) (Na-
kagawa et al., 1996; Miura et al., 2006), rat and mouse vesicular glutamate
transporter 1 (VGluT1; guinea pig and goat) (Miyazaki et al., 2003;
Miura et al., 2006), mouse VGAT (rabbit, guinea pig, and goat)
(Miyazaki et al., 2003; Miura et al., 2006), mouse GAD67/65 (Yamada et
al., 2001) (rabbit), and GABA (rabbit; catalog #A2052; Sigma). For spec-
ificity control, VGAT and GAD antibodies were preabsorbed by over-
night incubation with 50 –100 �g/ml of antigens (Yamada et al., 2001;
Miyazaki et al., 2003).

Immunohistochemistry. For immunohistochemistry, anesthetized
mice were fixed transcardially with either 4% paraformaldehyde in 0.1 M

sodium PB, pH 7.2, or 4% paraformaldehyde/0.1% glutaraldehyde in PB
(for GABA immunofluorescence only), and microslicer (50 �m) or par-
affin (4 �m) sections were prepared. All immunohistochemical incuba-
tions were done at room temperature in a free-floating state. For immu-
nofluorescence, microslicer sections were incubated with 10% normal
donkey serum for 20 min, a mixture of primary antibodies overnight (1
�g/ml), and a mixture of Alexa 488-, Cy3-, and Cy5-labeled species-
specific secondary antibodies for 2 h at a dilution of 1:200 (Invitrogen;
Jackson ImmunoResearch, West Grove, PA). PBS, pH 7.4, containing
0.1% Tween 20 was used for diluent of antibodies and washing buffer.
For immunoperoxidase, paraffin sections were incubated with 10% nor-
mal donkey serum for 30 min, primary antibodies (1 �g/ml) overnight,
biotinylated secondary antibody for 2 h, and streptavidin-peroxidase
complex for 30 min using a Histofine SAB-PO(R) kit (Nichirei, Tokyo,
Japan), followed by visualization with 3,3�-diaminobenzidine. Images
were taken with a light microscope (AX-70; Olympus) equipped with a
digital camera (DP70; Olympus) or with a confocal laser scanning mi-
croscope (FV1000; Olympus).

Western blotting. Adult mouse brains were homogenized using a Potter
homogenizer with 15 strokes at 1000 rpm in 10 volumes of ice-cold
homogenizer buffer containing 0.32 M sucrose, 1 mM EDTA, 1 mM EGTA,
10 mM Tris-HCl, pH 7.2, and 0.4 mM phenylmethylsulfonyl fluoride. The
protein concentration was determined by the Lowry’s method. Proteins
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(10 �g/lane) were separated by SDS-PAGE, and
electroblotted onto nitrocellulose membranes
(BioTraceNT; PALL, Ann Arbor, MI). After
blocking with 5% skimmed milk for 1 h, mem-
branes were incubated for 2 h with VGAT [goat
(see Fig. 7a); rabbit and guinea pig (data not
shown)] or GAT67/65 [rabbit (see Fig. 7a)] an-
tibody (1 �g/ml). Tris-buffered saline, pH 7.5,
containing 0.1% Tween 20 was used for diluent
and washing buffer. Immunoreaction was visu-
alized with the ECL chemiluminescence detec-
tion system (Amersham Biosciences, Arlington
Heights, IL).

Results
Monosynaptic GABAergic responses are
elicited by stimulation of the granule
cell layer in juvenile mice
So far, the strongest evidence for corelease
of GABA and glutamate from the hip-
pocampal mossy fiber terminals is that
monosynaptic GABAergic IPSCs were
evoked by stimulation of the granule cell
layer of the dentate gyrus in the presence of
glutamate receptor blockers, in guinea pigs
(Walker et al., 2001) and young rats (Gu-
tièrrez et al., 2003). First, we tested
whether similar monosynaptic GABAergic
responses were recorded in juvenile mice
at P14 –P20. Whole-cell recordings were
obtained from CA3 neurons using patch
pipettes containing CsCl-based solution,
and mossy fibers were stimulated at the
granule cell layer of the dentate gyrus and
the resultant PSCs were recorded at �80
mV. In these conditions, glutamatergic
EPSCs and GABAergic IPSCs are both re-
corded as inward current responses. In line
with previous studies, relatively strong
stimuli to the granular cell layer elicited
monosynaptic IPSC in the presence of
AMPA and NMDA receptor blockers, 10
�M CNQX and 25 �M D-AP-5, respec-
tively, and the residual PSCs were blocked
by additional application of GABAA recep-
tor antagonist 100 �M picrotoxin (Fig.
1A). In other experiments, however, ap-
plication of glutamate receptor antago-
nists abolished all synaptic responses (Fig.
1B), particularly when relatively weaker
stimuli were applied.

Two-intensity experiment reveals
stimulus intensity dependency for
“monosynaptic” GABAergic signaling
One possibility for the experimental fluc-
tuation is that stimulation was not selec-
tive enough in some experiments to solely
stimulate mossy fibers. A weak stimulus is
expected to activate granule cells and their axon mossy fibers
selectively, whereas a strong stimulus might costimulate inhibi-
tory interneurons in the CA3 region or their axon collaterals and
elicit monosynaptic IPSC by axon reflex mechanism. To test this
possibility, we performed two-intensity stimulus experiments

(see Materials and Methods). Weak and strong stimuli were ap-
plied alternately through the same stimulating electrode inserted
into the granule cell layer (Fig. 1C). In this experiment, responses
evoked by weak stimulation were almost completely abolished by
application of CNQX and AP-5 (Fig. 1D), whereas those by

Figure 1. Stimulation of the granule cell layer, which originates the mossy fiber pathway, evokes GABAergic synaptic re-
sponses resistant to iGluR blockers in juvenile mice (P14 –P20). A, Representative records of PSCs elicited by rather strong
stimulation (800 �A, 100 �s in this experiment). Note that substantial responses remained after application of 10 �M CNQX and
25 �M D-AP-5, and the residual responses were completely abolished by additional application of 100 �M picrotoxin (Pic). B, PSCs
elicited by relatively weak stimulation (150 �A, 100 �s in this experiment). Application of CNQX and D-AP-5 abolished the
responses almost completely. Traces are the average of five consecutive synaptic responses evoked at 0.1 Hz. C, The PSCs were
evoked alternately by weak (open circles) and strong stimuli (closed circles) through the same stimulating electrode (see Materials
and Methods, Two-intensity protocol). D, E, Representative traces are those recorded before (*) and 10 min after application of 10
�M CNQX and 25 �M D-AP-5 (**), and additional application of 100 �M picrotoxin (***). F, Summary of time courses of the
amplitudes of PSCs. G, To compare the difference in latency of the evoked responses, the initial phase of the PSCs was expanded
along the time axis and the amplitudes were scaled to normalize the peak amplitudes of the traces shown in C. PSCs evoked by
strong stimuli (closed circles) displayed significantly shorter latencies than those evoked by weak stimuli (open circles), suggest-
ing stimulation at the position closer to the recording neuron.
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strong stimulation remained substantially after application of
these glutamate receptor antagonists, and the residual PSC was
blocked by additional application of picrotoxin (Fig. 1E). On
average, amplitudes of strong stimulus-evoked PSCs were re-
duced from 4080 � 380 pA to 818 � 169 pA (mean � SEM; n �
9) by application of CNQX and D-AP-5, whereas those of weak
stimulus PSCs were almost abolished by these blockers (from
617 � 116 pA to 43 � 5 pA) (Fig. 1F). The relative magnitude of
block by CNQX and D-AP-5 was significantly larger for responses
elicited by a weak stimulus than those by a strong stimulus ( p �
0.01). In another set of experiments, we used 10 �M gabazine
(SR95531), a selective blocker of GABAA receptors, and the re-
sults were quite similar to those obtained using picrotoxin (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material). We also noted different latencies between strong and
weak stimulus-induced PSCs. When comparing the latency of
evoked responses (Fig. 1G), the latency after a strong stimulus
was always shorter than that after a weak stimulus in every two-
intensity experiment (4.5 � 0.3 ms for strong stimulus; 8.5 � 0.7
ms for weak stimulus; p � 0.001), suggesting that strong stimuli
activate axons at closer position from the recording site than
weak stimuli do.

To analyze the latency difference in more detail, we changed
the stimulus intensity systematically (Fig. 2A). As expected for
current spread by a stronger stimulus activating axons near the
recorded cell, the latency became shorter as the stimulus strength
increased (Fig. 2B). This also holds for IPSCs evoked by strong
stimulation in the presence of nonspecific iGluR blocker
kynurenic acid (Fig. 2C,D). The amplitudes of PSCs recorded in
the absence and the presence of kynurenic acid changed accord-
ing to the stimulus strength, but the relationships were different
between two groups (Fig. 2E) (1– 6 V, 1 V steps). Furthermore,
the latencies were consistently different at various stimulus
strengths ( p � 0.05) (Fig. 2F). Longer latencies in the presence of
kynurenic acid might be attributable to the distal location of the
action-potential generating point for IPSCs (possibly in the hi-
lus) from the stimulating electrode in the granule cell layer. For
eliciting IPSCs, it would take a longer time for attenuated stimu-
lation currents at the site distal from the stimulating electrode to
reach the threshold potential.

These results strongly suggest that additional circuits were
also recruited by strong stimuli and the apparent monosynaptic
IPSCs were originated from different inputs other than mossy
fibers.

Stimulation at CA3 stratum lucidum readily elicits
monosynaptic GABAergic responses
If apparent monosynaptic GABAergic IPSCs were caused by ac-
tivation of interneurons that reside around the granule cell layer
and project axons both to the dentate gyrus and to CA3 pyrami-
dal cells, they could be evoked more readily when axons project-
ing to CA3 pyramidal cells are directly stimulated. When stimu-
lus was given to the stratum lucidum of the CA3 region,
substantial picrotoxin-sensitive IPSCs were left after application
of CNQX and AP-5, even when stimulus intensity was lowered to
the levels that evoked CNQX and AP-5-sensitive responses only
by stimulation of the granule cell layer (Figs. 1D, supplemental
Fig. 2A,B, available at www.jneurosci.org as supplemental mate-
rial). On average, amplitude of PSCs was reduced from 595 � 35
pA to 359 � 46 pA (n � 7) by application of CNQX and D-AP-5
(supplemental Fig. 2C, available at www.jneurosci.org as supple-
mental material). This result is also consistent with the notion
that monosynaptic GABAergic IPSCs are elicited because of co-

stimulation of inhibitory interneurons projecting to CA3 pyra-
midal cells.

Strong responses are less-sensitive to DCG-IV than
weak responses
Above results suggest that strong stimulus to the granule cell layer
recruits the interneuron pathway in addition to the mossy fiber
pathway and elicits IPSCs resistant to CNQX and AP-5. If this is
the case, PSCs activated by strong stimulus may exhibit differen-
tial sensitivity to group II mGluR agonist DCG-IV from those
evoked by weak stimulus, because DCG-IV selectively suppresses
mossy fiber transmission (Kamiya et al., 1996; Yokoi et al., 1996).
Then we examined this possibility using two-intensity protocol

Figure 2. Relationships between stimulus intensity and latency of PSCs. A, PSCs evoked by a
variety of stimulus strengths (1– 6 V, 1 V steps) were superimposed. B, Initial phase of the PSCs
was expanded along the time axis to demonstrate clear dependency of the latencies on the
stimulus strength. C, D, IPSCs were recorded in the presence of 5 mM kynurenic acid (Kyn), a
nonselective iGluR blocker, and shown in A and B. E, F, Amplitudes (E) and latencies (F ) of PSCs
in the absence (closed circles) and presence (open circles) of kynurenic acid were plotted against
stimulus intensity. The two groups consistently have different latencies for a variety of stimulus
strengths (*p � 0.05).

Uchigashima et al. • Evidence against Corelease of Glutamate and GABA J. Neurosci., July 25, 2007 • 27(30):8088 – 8100 • 8091



similar to the experiments in Figure 1C–G
(Fig. 3A). Application of 1 �M DCG-IV al-
most completely abolished the responses
evoked by weak stimulation of the granule
cell layer of dentate gyrus (Fig. 3B) (from
278 � 28 pA to 17 � 4 pA; n � 9) (Fig. 3D),
whereas responses evoked by strong stim-
ulation were suppressed by DCG-IV only
partially (Fig. 3C) (from 3241 � 431 pA to
2551 � 364 pA; n � 9) (Fig. 3D). This re-
maining DCG-IV-insensitive fraction was
reduced greatly by CNQX and AP-5, and
completely by further addition of picro-
toxin, and therefore reflects monosynaptic
or polysynaptic excitation or inhibition
caused by pathways other than mossy fi-
bers. The DCG-IV-insensitive, but CNQX
and AP-5-sensitive component (Fig. 3C,D)
is possibly attributable to direct stimula-
tion of associational fibers and subsequent
recruitment of polysynaptic activation of
the recurrent excitatory network as well as
the feedback inhibitory loop in the CA3
region. The latency after strong stimuli was
always shorter than that after weak stimuli
in every experiment (9.5 � 0.7 ms for weak
stimulus, 6.2 � 0.5 ms for strong stimulus;
p � 0.001) (Fig. 3E). We also performed
two-intensity experiments in field poten-
tial recordings, and the stimulus intensity-
dependency of the DCG-IV effect was
again evident in this series of experiments
(supplemental Fig. 3, available at www.
jneurosci.org as supplemental material).
Thus, strong stimuli to the dentate gyrus
activate not only the DCG-IV-sensitive
mossy fiber-CA3 pathway, but also recruit
the DCG-IV-insensitive inhibitory path-
way to CA3 pyramidal cells.

DCG-IV sensitivity is different between
mossy fiber EPSCs and apparent monosynaptic IPSCs
To further confirm that apparent monosynaptic IPSCs originate
from different inputs other than mossy fibers, we compared sen-
sitivity of mossy fiber EPSCs and IPSCs recorded in the presence
of iGluR blockers to DCG-IV. For this purpose, we again used
two intensity protocols. Application of rather nonspecific iGluR
blocker kynurenic acid at 5 mM abolished the responses to weak
stimulus (Fig. 4A), but left substantial responses to strong stim-
ulus, which were abolished by additional application of picro-
toxin. DCG-IV at 1 �M only weakly suppressed the kynurenic
acid-resistant IPSCs (to 86 � 7% of control; n � 7) (Fig. 4B–D).
It should be noted that the effect of DCG-IV on IPSCs is some-
what overestimated, because the amplitudes of IPSCs continued
to decrease before application of DCG-IV. In different experi-
ments, responses by weak stimuli were strongly suppressed by the
same concentration of DCG-IV (to 22 � 6% of control; n � 10)
(Fig. 4E–H). The difference is statistically significant ( p � 0.01).
This result also suggests that monosynaptic GABAergic IPSCs do
not reflect corelease of GABA from the mossy fiber terminals, but
are possibly originated from inhibitory interneurons. We could
not completely exclude the possibility that subpopulation of
GABAergic fibers are strongly sensitive to DCG-IV, although

such subpopulation, if any, represents only a small fraction of the
whole population of mossy fibers.

Similar results are obtained in rat slices
In previous studies, iGluR blocker-resistant monosynaptic IPSCs
were reported in rat or guinea pig hippocampal slices (Gutièrrez,
2000, 2002; Gutièrrez and Heinemann 2001; Gutièrrez et al.,
2003; Walker et al., 2001). Our results in mice slices, therefore,
may reflect species difference of the animals used for the experi-
ments. Then, we repeated the same experiments in Figure 1 and
Figure 4 in rat hippocampal slices. The results were quite similar
to those obtained in mice (supplemental Figs. 4, 5, available at
www.jneurosci.org as supplemental material), suggesting that
species difference is not the cause of the different conclusions of
this and the previous studies.

Unitary GABAergic IPSCs in neonatal mice are sensitive to
L-AP4, but not to DCG-IV
Recently, it has been reported that “minimal stimulation” of the
granule cell layer elicited monosynaptic GABAergic IPSCs in CA3
neurons of neonatal rat during the first postnatal week (Safiulina
et al., 2006). Because these unitary IPSCs were suppressed by

Figure 3. Sensitivity to group II mGluR agonist DCG-IV is dependent on the intensity of stimulus to the granule cell layer in
juvenile mice. A, PSCs evoked by alternating weak (open circles) and strong stimuli (close circles) were superimposed. B, C,
Representative traces are those recorded before (*) and 10 min after application of 1 �M DCG-IV (**), which selectively suppresses
transmission at mossy fiber synapses, and subsequent application of 10 �M CNQX and 25 �M D-AP-5 (***) and of 100 �M

picrotoxin (Pic; ****). D, Summary of time courses of the amplitudes of PSCs. E, To compare the difference in latency, traces in A
were displayed as in Figure 1G.
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group III mGluR agonist L-AP-4, the authors suggested low-
threshold mossy fibers, which release only GABA are present in
neonatal hippocampus, and these fibers undergo elimination af-
ter first postnatal week. We then tested this issue in neonatal mice
of age P4 –P6.

As reported in the rat, minimal stimulation of the granule cell
layer in neonatal mice evoked GABAergic PSCs, which were in-
sensitive to CNQX and D-AP-5, and blocked by picrotoxin (Fig.
5A). Amplitudes of the unitary IPSCs were 41 � 9 pA (n � 5)
(Fig. 5B), being comparable with the values obtained in neonatal
rats (Safiulina et al., 2006). L-AP-4 at 10 �M did suppress the
unitary IPSCs (from 53 � 14 pA to 31 � 8 pA; n � 8) (Fig. 5C,D).
However, DCG-IV at 1 �M did not significantly affect the unitary
IPSCs (Fig. 5E). The amplitude before and after DCG-IV appli-
cation was 49 � 7 pA and 48 � 10 pA, respectively (n � 6) (Fig.
5F). Because mossy fiber transmission was equally suppressed by
L-AP-4 and by DCG-IV, as revealed by calcium imaging of indi-
vidual presynaptic terminals (Pelkey et al., 2006), and DCG-IV
suppressed mossy fiber transmission even at these early postnatal
stage (supplemental Fig. 6, available at www.jneurosci.org as sup-
plemental material) (Marchal and Mulle, 2004), these results sug-
gest that unitary IPSCs evoked by minimal stimulation of the
granule cell layer in neonatal hippocampus are likely to be medi-
ated by GABA release from low threshold interneurons different
from mossy fibers. We could not exclude the possibility, however,
that glutamate and GABA release from the mossy fibers is differ-
entially regulated by DCG-IV and L-AP-4, as suggested for post-
seizure rat hippocampus (Treviňo et al., 2007).

We also tested whether unitary IPSCs display pronounced
facilitation in response to paired stimuli, characteristic for mossy
fiber transmission (Walker et al., 2001; Safiulina et al., 2006).

However, we observed that unitary IPSCs
displayed minimal facilitation (supple-
mental Fig. 7, available at www.jneurosci.
org as supplemental material). We specu-
lated that differences in species (guinea pig
or rat was used in previous studies,
whereas mice were used in our experi-
ments) might be the reason for the
difference.

Application of glutamate to molecular
layer induces predominantly excitatory
synaptic responses in juvenile and
neonatal mice
Another line of evidence supporting the
GABA corelease hypothesis comes from
the experiment in which IPSCs are elicited
in CA3 pyramidal cells by pressure appli-
cation of glutamate to the dentate gyrus
molecular layer in the presence of AMPA
receptor blocker NBQX or DNQX
(Walker et al., 2001; Safiulina et al., 2006).
In this condition, glutamate is assumed to
depolarize granule cell dendrites through
activation of NMDA receptors, and not to
depolarize axon collaterals coming to the
molecular layer. However, wide-spread
diffusion from the glutamate-containing
pipettes by strong pressure pulses could
also activate dendrites or somata of inter-
neurons in the CA3 or the hilar regions,
leading to the generation of IPSCs in CA3

pyramidal cells. To attain selective stimulation of granule cells,
here we recorded glutamate-evoked responses before application
of NBQX, and adjusted the intensity of pressure pulses to evoke
the burst appearance of synaptic currents with short latencies. In
slices from juvenile mice, short pulse (0.3– 0.4 bar, 5–10 ms du-
ration) application of L-glutamate (100 mM in pipette, pH was
adjusted to 8.0) to the molecular layer reliably elicited burst ap-
pearance of synaptic currents (supplemental Fig. 8A, available at
www.jneurosci.org as supplemental material). These were mostly
mediated by glutamate release, because NBQX at 10 �M sup-
pressed these responses nearly completely. The residual inward
current responses were not increased by glutamate application
and blocked by 100 �M picrotoxin, suggesting that they reflect
spontaneous IPSCs originating from inhibitory inputs other than
mossy fibers. In another series of experiments, we confirmed that
glutamate selectively activates granule cells in this experimental
condition, because the bursts of PSCs were suppressed by
DCG-IV, which selectively suppress transmitter release from
the mossy fiber terminals (supplemental Fig. 9, available at
www.jneurosci.org as supplemental material).

However, glutamate application to the molecular layer elic-
ited some NBQX-resistant burst responses in slices from neona-
tal mice (supplemental Fig. 8B, available at www.jneurosci.org as
supplemental material). These are GABAergic IPSCs because pi-
crotoxin abolished the responses. However, delay in NBQX-
resistant burst of IPSCs was extremely long (	10 s in the exper-
iment shown in supplemental Fig. 8B, available at
www.jneurosci.org as supplemental material). Long delay may
reflect spread of glutamate to CA3 or hilar interneurons away
from ejection site and/or inadequate positioning of ejection pi-
pettes (Walker et al., 2001). Therefore, we suppose that this find-

Figure 4. Comparison of DCG-IV sensitivity of monosynaptic IPSCs elicited by a strong stimulus and EPSCs evoked by a weak
stimulus. A, B, Representative traces are those recorded before (*) and after application of 5 mM kynurenic acid (Kyn; **), and
subsequent application of 1 �M DCG-IV (***) and of 100 �M picrotoxin (Pic; ****). IPSCs recorded in kynurenic acid (B) were
suppressed only weakly by DCG-IV. C, Summary of time courses of the amplitudes of PSCs. D, Same as in C, except for expanded
vertical axis. E, F, Representative traces recorded before (*) and after application of 1 �M DCG-IV (**) and subsequent application
of 5 mM kynurenic acid (***). EPSCs evoked by weak stimulus (E) were much more strongly suppressed by DCG-IV (F ). G, Summary
of time courses of the amplitudes of PSCs. H, Same as in G, except for expanded vertical axis.
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ing does not give confidence to the notion
of GABA release from the mossy fiber
terminals.

Substantial expression of GAD67 in
granule cell layer with low or
undetectable levels for GAD65 nor
VGAT mRNAs
As discussed later, expression of key mole-
cules essential for GABA synthesis and re-
lease in mossy fibers are controversial in
many respects, particularly during the
early postnatal period. In the present
study, we examined cellular expression
and subcellular distribution of GAD,
GABA, and VGAT in the developing and
adult mouse hippocampus.

First, we performed in situ hybrid-
ization analysis for GAD and VGAT
mRNAs. Using antisense oligonucleotide
probes, gene expression for GAD67,
GAD65, and VGAT mRNAs were exam-
ined by x-ray film autoradiography (Fig.
6 A–C, G-I ) and emulsion microautora-
diography (Fig. 6 D–F ). Their overall ex-
pressions in the adult mouse brain were
generally similar to each other (Fig. 6 A–
C), and also to those shown in previous
reports (Erlander et al., 1991; McIntire et
al., 1997). The three mRNAs were highly
expressed in the olfactory bulb, olfactory
tubercle, septum, reticular thalamic nu-
cleus, and Purkinje cell layer, with mod-
erate levels in various brain regions, such
as the caudate–putamen and superior
colliculus. In contrast, most other tha-
lamic nuclei lacked expression. Hybrid-
izing signals for GAD67, GAD65, and
VGAT mRNAs were sparsely dispersed
in the cerebral cortex, Ammon’s horn,
and hilus of the dentate gyrus (Fig.
6 D–F ).

In the granule cell layer of the dentate gyrus, homogeneous
distribution most likely representing the expression in granule
cells was detected for GAD67 mRNA in all sections examined at
the adult stage (Fig. 6A,D), whereas no significant signals for
GAD65 mRNA were seen there in any sections (Fig. 6B,E).
VGAT mRNA in the granule cell layer was detected at low levels
in some sections, but below the detection threshold in others (Fig.
6C,F). These adult patterns of gene expression were mostly pre-
served in neonatal and juvenile mice. At P7, P14, and P21,
GAD67 mRNA, but not GAD65 mRNA, was consistently de-
tected in the granule cell layer (Fig. 6G,H), whereas VGAT
mRNA was either undetectable or faintly detected (Fig. 6 I). It
should be noted that, compared with the adult stage (Fig.
6G4,H4,I4), no transient upregulation was observed in the granule
cell layer of neonatal and juvenile mice for any of the three
mRNAs.

The specificity of hybridizing signals were ascertained by
virtual disappearance of signals when hybridization was per-
formed in the presence of an excess amount of unlabeled
GAD67, GAD65, and VGAT probes, and also by identical
patterns of expression with use of two nonoverlapping VGAT

probes (data not shown). These results suggest that, of the
two GABA synthetic enzymes, GAD67 mRNA is selectively
expressed in dentate gyrus granule cells at developing and
adult stages, and that VGAT mRNA expression in dentate
gyrus granule cells is very low, if any, throughout postnatal
stages.

Immunohistochemistry reveals expression of GAD and
GABA, but not of VGAT, in mossy fiber terminals
Then we examined the distribution of GAD, GABA, and
VGAT in mossy fiber terminals of neonatal (P5), juvenile
(P15) and adult (2	3 months) mice by immunofluorescence
with confocal laser-scanning microscopy. The specificity of
GAD and VGAT antibodies was confirmed by immunoblot
using adult brain extracts (Fig. 7A); the former selectively
recognized two bands at 66 – 67 kDa (i.e., GAD67) and 63– 64
kDa (GAD65), and the latter recognized a single band at 53–55
kDa, as expected. The specificity of immunohistochemistry
was shown by spatial patterns of immunolabeling similar to
those of their mRNAs, and also by aborted immunolabeling
with use of antibodies preabsorbed with antigens (Fig. 7B).

Figure 5. L-AP-4, but not DCG-IV suppresses GABAergic PSCs evoked by minimal stimulation of the granule cell layer in
neonatal mice (P4 –P6). A, Stimulation of just above threshold intensity elicited CNQX and D-AP-5-insensitive, but picrotoxin-
sensitive PSCs. B, Summary of time course of the PSC amplitude. C, D, Effect of 10 �M L-AP-4, a selective agonist of group III
mGluRs, on the minimal stimulation-evoked PSCs. E, F, Effect of 1 �M DCG-IV, a selective agonist of group II mGluR, on the
minimal stimulation-evoked PSCs.
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Using these antibodies, we carefully analyzed by double or
triple immunofluorescence the stratum lucidum of the CA3
region, in which mossy fiber bundles run and make synaptic
contacts with proximal dendrites of CA3 pyramidal cells
(Figs. 8, 9).

First, we determined expression of GAD within mossy fiber
terminals. At each stage examined, strong labeling for GAD
was detected in large puncta (Fig. 8 A–C). They were dispersed
in all layers of hippocampal CA3 and almost completely over-
lapped with VGAT (Fig. 9), indicating that they are terminals
of inhibitory interneurons. The neuropil between the inhibi-
tory terminals exhibited weak GAD immunofluorescence (Fig.
8 A–C). This weak labeling was restricted to the stratum luci-
dum, and detected in calbindin-positive/VGluT1-negative

tiny irregular structures (nonterminal
portion of mossy fibers) (Fig. 8 D–F )
and in calbindin-positive/VGluT1-
positive huge puncta (i.e., terminals of
mossy fibers) (Fig. 8 D–F, arrowheads).
In contrast, GAD was not detected in
tiny VGluT1-positive tiny puncta in the
stratum radiatum, stratum molecular-
lacunosum, and stratum oriens (Fig.
8 D–F, arrows), suggesting selective
GAD expression in mossy fibers among
hippocampal glutamatergic axons. De-
spite the mossy fiber labeling, no GAD
immunoreactivity was seen in granule
cell perikarya (data not shown). There-
fore, GAD is expressed in terminal and
nonterminal portions of mossy fibers
from neonatal through adult stages at
levels lower than inhibitory terminals.

Then we examined whether GABA
was present in mossy fibers (Fig. 8G–I ).
At each stage examined, intense immu-
noreactivity for GABA was overlapped
with that for GAD (data not shown),
indicating high GABA contents in in-
hibitory terminals. In mossy fiber termi-
nals identified by VGluT1-positive/
calbindin-positive puncta, GABA im-
munoreactivity was barely seen at P5
(Fig. 8G, arrowheads). At P15 and the
adult stage, low immunoreactivity for
GABA, which was higher than the back-
ground level on capillaries and pyrami-
dal somata, was detected in VGluT1-
positive/calbindin-positive mossy fiber
terminals (arrows) and VGluT1-
negative/calbindin-positive thin fibers
(Fig. 8 H, I ). These results suggest that
GABA contents are below the detection
threshold at P5, and increase thereafter
in both terminal and nonterminal por-
tions of mossy fibers.

VGAT is essential for vesicular release
by filling GABA into synaptic vesicles
(McIntire et al., 1997). Finally, we exam-
ined the expression of VGAT in mossy
fibers. At each stage examined, strong
signals for VGAT were detected in large
puncta dispersed in all layers of mouse

hippocampal CA3, overlapped almost completely with GAD
(Fig. 8), and distributed between calbindin-positive mossy fi-
ber bundles (Fig. 9A–C), suggesting its high contents in ter-
minals of inhibitory interneurons. Different from GAD im-
munofluorescence, low VGAT immunoreactivities were not
observed in the neuropil of the stratum lucidum. To pursue its
potential low expression in mossy fibers, we raised the gain
level of a confocal laser-scanning microscope (Fig. 9D–I ).
Faint tiny signals came up in the neuropil between intensely
stained inhibitory terminals, and the levels were apparently
higher than the background level on capillaries and pyramidal
cell somata at all stages examined (Fig. 9D–F ). In high-power
images, the faint tiny VGAT labeling was detected on VGluT1-
negative/calbindin-positive mossy fiber bundles (Fig. 9G–I,

Figure 6. In situ hybridization for GAD67, GAD65, and VGAT mRNAs in the mouse brain. A–C, X-ray film autoradiography
of parasagittal adult (ad) brain sections. D–F, Enlarged emulsion-dipped microautoradiographic images of the adult
hippocampus. G–I, X-ray film autoradiography showing developmental changes in hybridization signals in the hippocam-
pus (P7, P14, P21, and adult). Arrowheads show upper and lower blades of the granule cell layer of the dentate gyrus,
respectively. Cx, Cerebral cortex; Cb, cerebellum; SC, superior colliculus; OB, olfactory bulb; S, striatum; Tu, olfactory
tubercle; Th, thalamus. Scale bars, 1 mm.
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yellow arrowheads). However, even at
the high gain levels, VGAT labeling was
not discerned in VGluT1-positive/
calbindin-positive mossy fiber terminals
in both developing and adult mice.
These results suggest that VGAT is trans-
lated in low amounts in dentate gyrus
granule cells and transported to mossy
fibers. However, VGAT seems to be
poorly accumulated in, or even excluded
from, mossy fiber terminals throughout
development, in marked contrast to
conventional inhibitory terminals. We
observed the same result in the adult rat
hippocampus (Fig. 10).

Discussion
In this study, we re-examined the GABA
corelease hypothesis at the hippocampal
mossy fiber terminals in young rodents.
Against the hypothesis, our electrophys-
iological and immunohistochemical ex-
aminations favor the notion that mossy
fiber–CA3 synapses are purely glutama-
tergic even in young rodents, and that
apparent monosynaptic IPSCs, evoked
by granule cell layer stimulation, are
likely to be elicited by costimulation of an additional inhibi-
tory pathway to CA3 pyramidal cells, as discussed below.

Purely glutamatergic phenotype of mossy fiber terminals in
developing and adult mice
The hypothesis has been proposed that hippocampal mossy
terminals corelease excitatory transmitter glutamate and in-
hibitory transmitter GABA. GABA release from the mossy fi-
ber terminals was observed transiently during early postnatal
stages, and disappeared thereafter (Gutièrrez et al., 2003). In
this study, however, we found that not only mossy fibers, but
also additional GABAergic fibers are recruited by strong stim-
uli to the granule cell layer, eliciting monosynaptic glutama-
tergic and GABAergic responses in the CA3 pyramidal cells.
However, weak stimuli selectively activate mossy fibers, as
assessed by DCG-IV sensitivity, and do not evoke GABAergic
responses in juvenile mice. This appears consistent with a pre-
vious study that showed that unitary mossy fiber response,
recorded by paired recording of dentate gyrus granule cells
and CA3 pyramidal cells, does not contain an NBQX-resistant
GABAergic component in cultured slices of the rat hippocam-
pus (Mori et al., 2004).

Another line of evidence for GABA release from mossy
fiber terminals is based on the finding that minimal stimula-
tion of the granule cell layer elicits picrotoxin-sensitive IPSCs
in neonatal rats during the first postnatal week (Safiulina et al.,
2006). Because group III mGluR agonist L-AP-4 inhibits the
unitary IPSCs, it was suggested that GABA is released from
mossy fiber terminals. Although these findings were repro-
ducible in neonatal mice in this study, we found that group II
mGluR agonist DCG-IV did not affect the unitary IPSCs.
These findings strongly suggest that unitary IPSCs were not
originated from mossy fibers, and that inhibitory interneu-
rons are more likely to be a source of GABA release. Mossy
fiber synapses in rodents are formed postnatally (Amaral and

Dent, 1981) and the density of synaptic connections, as judged
by EPSC amplitude, increases during several weeks after birth
(Marchal and Mulle, 2004). Therefore, we speculated that
sparse mossy fiber projection in neonatal rodents might
readily result in stimulation of inhibitory interneurons by in-
creasing the intensity of stimulation. Our results, however,
may be interpreted alternatively assuming that glutamate and
GABA release from mossy fibers is differentially regulated by
DCG-IV and L-AP-4, as proposed for the adult hippocampus
after seizures (Treviño et al., 2007).

We also demonstrated that pressure application of gluta-
mate to the molecular layer elicited predominantly glutama-
tergic EPSCs. In previous studies, glutamate application was
performed only in the presence of NBQX (Walker et al., 2001)
or DNQX (Safiulina et al., 2006) to evaluate monosynaptic
GABAergic connectivity. In these conditions, it is difficult to
estimate how far glutamate diffuses from the tip of the pipette.
Our result implies that selective application of glutamate to
the granule cell never elicited GABAergic IPSCs in CA3 neu-
rons in juvenile mice. In fact, specimen records in the former
study display relatively long delay of several seconds after glu-
tamate pulses (Walker et al., 2001), suggesting that glutamate
is spread widely and activates neurons distant from the ejec-
tion site. In neonatal rats, bursts of IPSCs appear within 1 s in
the presence of DNQX (Safiulina et al., 2006). However, as
discussed by the authors, polysynaptic activation via GABAer-
gic excitation of interneurons cannot be excluded in neonatal
animals, because GABA causes depolarization at early devel-
opmental stages. Our observation in neonatal mice also at-
tributes to GABA release from group III mGluR agonist-
sensitive interneurons by polysynaptic activation.

Therefore, all of our electrophysiological results suggest that
mossy fibers are glutamatergic not only in the adult hippocam-
pus, but also in neonatal and juvenile hippocampus.

Figure 7. Specificity of GAD and VGAT antibodies. A, Immunoblot with whole-brain extracts of adult mice. Antibody to GAD
recognizes two bands at 66 – 67 kDa (GAD67) and 63– 64 kDa (GAD65), and antibody to VGAT recognized a single band at 53–55
kDa. The positions of standard protein markers are indicated to the left (kilodaltons). B, Immunofluorescence for GAD and VGAT in
the adult mouse brain. Inset shows blank immunostaining in a control experiment using antibody preabsorbed with antigen. Rb,
Rabbit; Go, goat; Cx, cerebral cortex; Cb, cerebellum; OB, olfactory bulb; Th, thalamus; CPu, caudate–putamen; Hi, hippocampus;
Mb, midbrain; MO, medulla oblongata. Scale bars, 1 mm.
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Neuronal source of GABA release for apparent
monosynaptic IPSCs
Bulk electrical stimulation of input fibers are often used for elec-
trophysiological studies in slice preparations. The spatial com-
plexity of the actual neuronal network offers the risk of concur-
rent stimulation of other neurons, and thereby the evoked
responses could be contaminated with a variety of additional
components. This study argues against the corelease hypothesis,
and strongly suggests that hippocampal mossy fibers are purely
glutamatergic and that IPSCs elicited by stimulation of the gran-
ule cell layer are caused by costimulation of certain interneurons
that reside in the CA3 and/or hilar regions and project to CA3
pyramidal cells.

Which kind of inhibitory interneurons are responsible for the
apparent monosynaptic GABAergic signaling? It is known that
distinct subpopulations of inhibitory interneurons are located in

different locations of the CA3 region or
dentate gyrus (Spruston et al., 1997; Jinno
et al., 1998; Gaı̈arsa et al., 2001; Aaron et
al., 2003; Jonas et al., 2004). Among them,
a subset of interneurons so called mossy
fiber-associated (MFA) interneurons re-
sides in the stratum lucidum along the
mossy fiber projection, and their axons
spread over to the hilus, close to the den-
tate gyrus granule cell layer (Vida and
Frotscher, 2000; Losonczy et al., 2004).
MFA interneurons project to and elicit
monosynaptic IPSCs in CA3 pyramidal
cells. At the moment, we assume that this
interneuron is one of the likely candidates
for the source of GABA to evoke apparent
monosynaptic IPSCs by strong stimula-
tion of the granule cell layer.

Low vesicular filling ability of GABA in
mossy fiber terminals of developing and
adult mice
Our immunohistochemical observations
show that GAD67 mRNA (not GAD65
mRNA) and GAD protein were detectable
in hippocampal granule cells or mossy fi-
bers, respectively, throughout developing
(the first 3 postnatal weeks) and adult (2–3
months) stages, and that GABA immuno-
reactivity became detectable at P5 and
thereafter. Our observations are consistent
at neonatal and juvenile stages, but incon-
sistent at the adult stage, with the studies
by Gutièrrez et al. (Gutièrrez et al., 2003;
Maqueda et al., 2003). They have reported
that GAD67 and GABA are transiently up-
regulated during the first three postnatal
weeks and disappear in the fourth week. As
to the discrepancy, it should be mentioned
that mossy fibers have been demonstrated
to contain GABA in the adult rat (Sloviter
et al., 1996; Bergersen et al., 2003), mouse
(Fukuda et al., 1998), monkey (Sandler
and Smith, 1991; Sloviter et al., 1996), and
human (Sandler and Smith, 1991), and
that granule cells and mossy fibers have
been shown to express GAD67 mRNA and

protein, respectively, in the adult rat (Houser and Esclapez, 1994;
Sloviter et al., 1996) and mouse (Fukuda et al., 1998). From the
present study and many of these previous studies, it seems safe to
conclude that mossy fibers in neonatal, juvenile, and adult hip-
pocampus are provided with GABA synthetic enzyme GAD67,
and that GABA accumulates in mossy fibers from the neonatal to
juvenile stage and the contents are maintained until at the adult
stage.

Expression and distribution of VGAT in mossy fibers are
more controversial. It has been reported that VGAT mRNA is
expressed in mossy fiber synaptosome-enriched fraction pre-
pared from the adult rat hippocampus (Lamas et al., 2001), and
also in microdissected hippocampal granule cell layer of rats at
P6, P10, and P5, but not at 2– 4 months of age (Gutièrrez et al.,
2003). Moreover, VGAT distribution in a subset of mossy fiber
terminals has been reported in neonatal rats by its immunofluo-

Figure 8. Immunofluorescence showing weak expression of GAD and GABA within mossy fiber axons and terminals in the CA3
region of the mouse hippocampus. A–C, Double immunofluorescence for GAD (red) and calbindin (calb; green) in the strata
pyramidale (Py), lucidum (SL), and raditatum (SR) at P5 (A), P15 (B), and adult (ad; C). D–F, Triple immunofluorescence for GAD
(red) VGluT1 (green) and calbindin (blue). G–I, Triple immunofluorescence for GABA (red) VGluT1 (green) and calbindin (blue).
Arrowheads indicate mossy fiber terminals (large puncta expressing both VGluT1 and calbindin). GABA signals are missing in
VGluT1-positive terminals in the stratum radiatum (arrows). Scale bars: A–C,10 �m; D–I, 5 �m.
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rescence colocalization with VGluT1 and
zinc transporter 3 (Safiulina et al., 2006).
In contrast, it has also been reported that
VGAT mRNA is not expressed in normal
adult rats and even after kainite-induced
seizures (Chaudhry et al., 1998; Sperk et
al., 2003). Against this discrepancy, our in
situ hybridization detected very faint sig-
nals for VGAT mRNA in the granule cell
layer in some, but not all, sections. Our
immunofluorescence detected faint
VGAT immunoreactivity in putative
mossy fiber axons only when we substan-
tially raised the gain level of a confocal la-
ser scanning microscope. Even under the
condition, VGAT immunoreactivity in the
terminal portion of mossy fibers was not
detected in developing and adult stages.
From the present observations, we assume
that mossy fiber terminals, although able
to synthesize and store GABA, are poorly
provided with molecular machinery for
filling GABA into synaptic vesicles. This
may explain our electrophysiological data
demonstrating that selective stimulation
of mossy fibers evoked purely glutamater-
gic EPSCs in CA3 pyramidal cells, despite
the presence of GABA. In future studies, it
will be intriguing to test whether or not
VGAT is recruited to mossy fiber termi-
nals to release GABA under pathological
conditions, because VGAT mRNA has
been shown to be upregulated in granule
cells by manipulation evoking hyperexcit-
ability in adulthood (Gomez-Lira et al.,
2005).

In summary, despite careful and com-
binatorial examination by electrophysio-
logical and histochemical approaches, we
did not find any clear evidence for GABA
release from the glutamatergic mossy fiber
terminals in the developing mouse hip-
pocampus. Rather, all of the results in this
study support that mossy fibers are purely
glutamatergic and that apparent mono-
synaptic IPSC is evoked by costimulation
of the inhibitory interneurons in the CA3
and/or hilar regions through an axon reflex mechanism.
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